ABSTRACT tromyography, surgical navigation, and robotic surgery (11, 12, 18, 20, 22, 27) . However, each technique has its own advantages and disadvantages. None of the techniques is simple enough and adequate on its own.
Advanced techniques such as neuronavigation and fluoronavigation may be performed only in a few centers since they are both too costly and impractical although they minimize complication rates. Therefore, anteroposterior (AP) and lateral fluoroscopic imaging are currently the most commonly used complementary methods for transpedicular screw application. Transpedicular screw malposition remains a serious problem █ INTRODUCTION T ranspedicular screw application has an important place in common spinal operations. Inadvertent perforation of the wall of the vertebral pedicle is a well-known complication associated with standard pedicle screw insertion procedure. Despite varying rates by detection criteria, it has been reported that more than 25% of screws are malpositioned (9, 10, 15, 22) . Malpositioned screws may have serious clinical consequences from dysesthesia to paraplegia (although rare) (6, 8, 17, 26, 28, 29) . Many techniques have been defined for this purpose, including somatosensorial evoked potentials, elec-with fluoroscopic imaging. Fluoroscopy does not provide adequate safety (particularly because the scapulae are superimposed at the upper thoracic level). To overcome this problem, neuromonitorization systems have been developed, which give information only after damage.
In this study, electrical resistances of bone and other neighboring tissue were measured as a complementary method to fluoroscopic imaging. The aim of this study was to determine local tissue electrical resistance differences generated during a screw pass from the pedicle to another tissue rather than determining all individual electrical tissue resistance values. As a result, we aimed to define a new criterion to determine that the screw is within the bone before damage occurs without concomitant radiation exposure of both the patient and surgeon.
█ mATERIAl and mEThODS
The cadaver of a woman who died from myocardial infarction at Manisa Psychiatric Hospital 14 days ago was used. The cadaver was placed on a Philips Somatom emotion brand spiral computed tomography table in the prone position. After distance determination using tomographic images, the vertebral body was accessed via the transpedicular route using a standard drill and track openers. Then, a standard 18 G (green) branule intravenous (IV) catheter tip was placed in the opened transpedicular tracks. In addition, a separate standard 18 G (green) branule IV catheter tip was also placed 1mm deep on the facet joint that was the starting point of the pedicles for each transpedicular track ( Figure 1 ). As a next step, local tissue electrical resistance measurement was performed with a multimeter model Digital Multimeter MY64 using the needles inside the branule tips in the transpedicular track and on the facet joint. This device can be used as a voltmeter, ammeter, and an ohmmeter. We used the ohmmeter part.
Computed tomographic images were used to verify that the transpedicular tracks opened with standard drills and track openers at the level of Th 4, Th 7, Th 11, L3, and S 1 vertebrae were bilaterally in the correct anatomical localizations in the female cadaver (Figure 2 ). Hence, a total of 10 entries were bilaterally done in 5 vertebral pedicles. Then, the medial walls of the pedicles at the left side at the level of Th 4 and Th 11 and at the right side at the level of L3 were drilled with standard drills and track openers ( Figure 3 ) and the spinal cord was accessed. Simultaneously, the same assembly was used to measure electrical local tissue resistance. Hence, 3 vertebrae had their medial pedicle wall drilled for a total of 3 times.
The same procedures were repeated in a 6-hour cadaver of a 1-year-old sheep using the same assembly (Figures 4-6 ). Computed tomographic images were used to verify that the transpedicular tracks opened with standard drills and track openers in a total of 18 vertebrae between the levels of Th1-S1 were bilaterally in the correct anatomical localizations in the sheep cadaver (Figures 7,8 ).
As a next step, local tissue electrical resistance measurement was performed with a multimeter model Digital Multimeter drilled vertebral pedicles at the level of Th1-S1 with a total of 36 drills, and of the region accessed via drilled lateral wall (muscle) of a total 36 pedicles at all levels between Th1 and S1 levels with standard techniques in a 6-hour cadaver of a 1-year-old sheep.
Analysis of the data from the sheep cadaver was performed with the SPSS 14.0 for Windows software package using Analysis of Variance for Repeated measures (Repeated Measures ANOVA).
Since all local tissue electrical resistance values of spinal cord accessed via a drilled medial wall in the sheep cadaver exceeded the selected upper limit of 20 Ohm, all results were obtained as 1 (i.e. over 20 Ohm). As all these values were the same and considerably higher than local tissue electrical values of the intact pedicle, their comparison with local tissue electrical values of the intact pedicle was accepted as statistically significant.
Local tissue electrical resistance values of the intact pedicle wall and the region accessed via the drilled lateral wall (muscle) in the sheep cadaver were compared against each other using the Analysis of Variance for Repeated Measures. They were also compared as right and left. The mean local tissue electrical resistance value of the intact pedicle wall was 1.80 Ohm while the mean resistance value of the region accessed via the drilled lateral wall (muscle) was 0.61 Ohm. under the light of all these results, it was found that no significant difference existed between right and left resistances. However, comparison of the local tissue electrical resistance values of the intact pedicle wall and the region accessed via drilled lateral wall (muscle) revealed a significant difference (p < 0.001).
█ DISCUSSION
Despite its frequent use, transpedicular screw application is not as simple and innocent as it is once thought to be. Depending on the detection criteria, the rate of screw malposition has been reported to be 1.2% -28.8% (9, 10, 15, 22) . Serious clinical outcomes from dysesthesia to paraplegia may occur due to malposition during screw application at the upper lumbar and thoracic regions (6, 8, 17, 26, 28, 29) . MY64 using the needles inside the standard 18 G (green) branule IV catheter tips placed in these transpedicular tracks and standard 18 G (green) branule IV catheter tips of the same brand placed on the facet joint ( Figure 9 ). In this way, a total of 36 entries were done into 18 vertebral pedicles. Then, medial pedicle walls were drilled bilaterally and the spinal cord was accessed at the same levels using standard drills and track openers again. Meanwhile, electrical local tissue resistances were measured with the same assemblies. Hence, medial pedicle walls of 18 vertebrae were drilled for a total of 36 times. Then, lateral pedicle walls were drilled bilaterally with standard drills and track openers and electrical local tissue resistance of that region (muscle) were measured at all levels between Th 1 and S1. Hence, lateral pedicle walls of 18 vertebrae were drilled for a total of 36 times.
█ RESUlTS Table I shows digital multimeter-measured local tissue electrical resistance values of the medial wall of 5 bilaterally drilled vertebral pedicles at the level of Th 4, Th 7, Th 11, L3, and S 1 with a total of 10 drills, and of a total of 3 vertebral pedicles drilled from the left at the level of Th 4 and Th 11 and from the right at the level of L3 with standard techniques in a 14-day cadaver of a 67-year-old woman.
Statistical analysis of study data was performed with SPSS 14.0 for Windows software package at the ege university Faculty of Medicine's Department of Biostatistics.
The Mann-Whitney u test was used for analysis of data from the female cadaver. using this method, we compared local tissue electrical resistance values of the pedicle wall and spinal cord accessed via the drilled medial wall. The mean resistance value of the intact pedicle was 7.56 Ohm while the mean resistance value of the drilled medial wall of the pedicle (vertebra) was 13.65 Ohm.
under the light of the above data, the intact pedicle wall and spinal cord accessed via a drilled medial wall were significantly different with respect to local tissue electrical resistance values (p = 0.025). (12). electromyography localizes nerve roots but requires a neurologist while the pedicle is determined, and furthermore it is an invasive technique (27) . Intraoperative use of X rays causes excessive X ray exposure of both the surgical team and the patient. Another method, computed tomography assisted surgical navigation, has limited value since it is timeconsuming, requires training and experience, and is highly expensive. It is also dependent on preoperative computed tomography sections and intraoperative simultaneous imaging difficult to perform with this method (11) .
electrical resistances also vary by tissues of human body. Neural, bone, and muscular tissues have differing electrical resistance values (1,4,13). Our study was based on that simple physical fact.
Local tissue electrical resistance measurement has been used in various settings. It is commonly used to diagnose obesity in clinical practice and determination of lean body mass in athletes by measuring the electrical permeability difference of lean tissue mass and fat. Body fat ratio can be measured by means of bioelectrical impedance (1, 4, 13, 21) . In addition to ultrasonography, methods such as bioelectrical impedance
Currently, transpedicular screw applications mainly have outcomes proportional to two-sided fluoroscopic imaging and the surgeons' experience. In various cadaveric studies on bone, neural tissue, and muscle groups in the whole vertebral column, thoraco-lumbar junction being at the first place, it has been evident that there exist some anatomic variations from person to person (7) . Thus, the reliability of the measurements of standard pedicle axis angle, pedicle width, pedicle length, and the distance between anterior vertebral cortex and transpedicular screw insertion hole is limited (16) .
Various methods related to pedicle position and screw malposition have been developed to allow safer screw insertion in a patient positioned on the operation table; their use depends on the surgeon. Many techniques have been defined for this purpose, including somatosensorial evoked potentials, electromyography, surgical navigations, and robotic surgery (11, 12, 18, 20, 22, 27) . However, each technique has its own advantages and disadvantages. None of them is simple and adequate on its own. each of these techniques aims at pedicle navigation while they also have some limitations. Somatosensorial evoked potential is not adequate for evaluation of nerve roots during screw insertion the pedicle before neural damage occurs, and give a warning as soon as pedicle damage ensues so that the track opener can be immediately pulled back and re-introduced at the desired anatomical route.
The aim of this study was to determine local tissue electrical resistance differences generated during a screw pass from the pedicle to another tissue rather than determining all individual electrical tissue resistance values. These resistance differences were not only measured in human cadaveric tissue, but also in all vertebral levels including the upper thoracic vertebrae of a sheep cadaver. Furthermore, such a study was performed in a cadaver for the first time.
Our results showed that local tissue electrical resistance changes were significant in both human and sheep cadavers. This means that it appears possible to prevent screw malposition using a simple and cheap electrical resistance measurement technique. Damage to neural tissue is prevented by the very low direct electrical current value used during measurements. Connecting this measurement device to penetrating devices and slow advancement of the penetrating device inside the pedicle with simultaneous, continuous (or recording at very frequent intervals of every 0.5 seconds) monitorization of local tissue electrical resistance may allow desired safe screw insertion. Slow advancement of the track opener is of utmost importance since the electrical resistance is measured from the tip of the track opener. In case of entry into a different tissue, the electrical resistance will be altered and the track opener will be pulled back and re-introduced at the desired anatomical route.
█ CONClUSION
Our study suggests that local tissue electrical resistance measurement during transpedicular screw insertion is a safe technique for both the surgeon and patient in terms of radiation exposure, and it offers a simple, cheap, and practical solution. Most importantly, our results suggest that it has the potential to prevent neurological deficits.
have also been employed to diagnose fatty liver disease (19). In blood products stored at blood banks, Na + , K + ion efflux alterations also change the electrical impedance of blood (24) . Malnutrition may, independent of respiratory functions, decrease protein synthesis in chronic obstructive pulmonary disease (COPD) and lead to a reduction in body fat and muscle mass, a condition that can be quantified by calculating lean body mass with bioelectrical impedance measurement (23) . Some studies have examined the effect of the difference of the electrode's impedance on the threshold value used for transcranial electrical stimulation during evoked motor potential monitorization (14) .
Gundanna et al. conducted a preliminary study on the importance of the somatosensorial evoked potential measurement during transpedicular screw insertion. However, somatosensorial evoked potential was found to be unraveling in the assessment of nerve roots during screw insertion (12).
Darden et al. compared electromyography and local tissue resistance measurement with respect to detection of pedicle wall injury and reported that electromyography was more sensitive. However, it is not always possible to work with intraoperative electromyography and a neurologist as in that study (5).
Shi et al. performed a study with electrical stimulation on the intraoperative evaluation of transpedicular screw insertion. They reported that evoked electromyographic records were able to detect pedicle perforation. However, it may not always be feasible to employ a neurologist with fine electrophysiology knowledge to obtain those records (25) .
In a preliminary study assessing the reliability of measurement of local tissue electrical resistance and electromyographic measurement assessing muscle contractions on the detection of iatrogenically created pedicle perforation, Bolger et al. reported results similar to ours. However, that study was performed on pigs and, as the researchers pointed, vertebral anatomy and localization of nerve roots are different in pigs than in humans. Thus, further studies are needed to define the benefits of measurement of electromyographic muscle contractions and electrical resistances (2, 3) . each of the studies performed so far has its own advantages and disadvantages. None of them is cheap, practical, simple, and adequate on its own. The need for an experienced neurologist in every case is a particular disadvantage. Moreover, although advanced applications such as neuronavigation and fluoronavigation minimize the complication rate, they are used in only a few centers since they are both too costly and impractical. Thus, 2-sided fluoroscopic imaging is still the most commonly used complementary method. Transpedicular screw malposition continues to be a major problem with fluoroscopic imaging. It cannot provide adequate safety since the scapulae are superimposed at upper thoracic region. To solve this problem, neuromonitorization techniques have been developed. However, they provide information only after the tissue sustains damage. We therefore aimed to invent a new technique with no radiation exposure, which can be safely used even in the upper level vertebrae, detect screw entry into
